Background: Parkin mitochondrial recruitment upon CCCP treatment requires active glucose metabolism. Results: ATP is a key regulator of PINK1-mediated mitophagy by controlling PINK1 translation levels. Conclusion: PINK1 levels decrease in response to low ATP, resulting in inactivation of Parkin-mediate mitophagy. Significance: Short half-life of PINK1 renders it sensitive to metabolic changes and ATP level. The finding offers insight into bioenergetics of the PINK1-Parkin pathway.
As the center of cellular energy, maintenance of salubrious mitochondrion is essential for cell function and sustainability (1) . A mechanism for sequestering and eliminating malfunctioning mitochondria is vital in the cell, which otherwise may produce harmful reactive oxygen species. PINK1 and Parkin have been found to work in the same autophagic pathway in removing damaged mitochondria from the cell (2) (3) (4) (5) (6) (7) . As a testament to their significance in cellular health, mutations in PINK1 (8, 9) and Parkin (10, 11) have been implicated in autosomal recessive Parkinsonism. The current paradigm suggests that if the mitochondrial membrane potential is intact, the serine-threonine kinase PINK1 is translocated to the inner mitochondrial membrane to undergo proteolytic cleavage by PARL (presenilin-associated rhomboid-like protein) (12, 13) followed by proteasomal degradation (14) . If the mitochondrial membrane potential is dissipated, PINK1 accrues on the outer mitochondrial membrane as its 63-kDa full-length isoform to recruit cytosolic Parkin (2, 4, 5, 15) , an E3 ubiquitin ligase, which ubiquitylates numerous OMM proteins leading to autophagosome engulfment of the ubiquitin-tagged depolarized mitochondria and subsequent lysosomal degradation, i.e. mitophagy (2, 7, 16 -22) .
Although several studies have verified this observation in neuronally derived (4, 23) and non-neuronal immortalized cell lines (2, 4, 5) , the PINK1/Parkin mitophagy pathway has been proven to be less robust in neurons (24) . To date, research in this field predominantly relied on ionophores and inhibitor drugs to compromise the mitochondrial integrity (3, (25) (26) (27) . Consequently, the differing bioenergetics resulting from this large scale mitochondrial damage may contribute to this observed variance, in which immortalized cell lines exhibit the Warberg effect to rely on glycolysis for a significant portion of their ATP production (28 -31) , whereas neurons rely primarily on oxidative phosphorylation for ATP production (32) . Although the involvement of ATP was suggested to influence the mitophagy pathway in previous studies (24, 33) , definitive evidence demonstrating the necessity for ATP in the PINK1/Parkin pathway, as well as the mechanism that explains this phenomenon, has yet to be explored.
Here we demonstrate the requirement of ATP to be present for carbonyl cyanide m-chlorophenylhydrazine (CCCP)-in-duced 3 Parkin mitochondrial recruitment while uncovering the mechanistic link between PINK1 up-regulation with ATP levels. Although the level of 63-kDa full-length PINK1 was previously shown to increase when cells are incubated with a working concentration of CCCP (4, 12) , we show that this increase can only be expressed when a threshold concentration of glucose is met. Otherwise, the PINK1 levels remain low, consequently restricting mitophagic responses. The dynamic range in which PINK1 levels exhibit its response to glucose strongly correlates ATP levels under the same glucose concentrations. This observation was verified using various concentrations of 2-deoxy-D-glucose to control cellular ATP levels. By demonstrating that PINK1 senses both mitochondrial damage and ATP to influence the activation or deactivation of the mitophagic response, our findings offer the novel characteristic of PINK1 as an AND gate (34) that acts as a molecular switch whose up-regulation upon mitochondrial depolarization ultimately determines the triggering of mitochondrial damage response.
Although the role of the PINK1/Parkin pathway in eliminating depolarized mitochondria via mitophagy has been well documented (2, 16 -19) , there are still many unanswered questions about its molecular mechanisms. For example, the signaling mechanisms upstream of PINK1/Parkin that trigger mitophagy remain poorly characterized (35) . There is significant variability in Parkin recruitment in neurons in part because of culture conditions or antioxidant levels in the cultured medium (35) . To elucidate the pathway as a function of culture conditions, we began our studies with the most basic of cellular functions: glucose metabolism. Because CCCP treatment effectively collapses the electron transport chain (3) and forces the cell to rely exclusively on fermentation for energy production, we hypothesized that the PINK1/Parkin pathway may integrate, or be influenced by, glycolytic metabolism to induce mitophagy upon irreversible mitochondrial damage.
EXPERIMENTAL PROCEDURES
Western Blot Analysis-To analyze protein levels, HeLa and mouse embryonic fibroblast (MEF) cells were grown on 10-cm plates to be harvested and lysed using a standard RIPA buffer mixed with cOmplete Protease inhibitor mixture (Roche). Total cellular extracts in the presence of a protein standard (Bio-Rad) were resolved by 12% SDS-PAGE and transferred to a 0.22-m nitrocellulose membrane and incubated with specific antibodies overnight at 4°C. The antibodies used in this investigation were: mouse anti-Parkin (1:5000; clone PRK8, Sigma-Aldrich), rabbit anti-PINK1 (1:500; BC100-494, Novus Biologicals), rabbit monoclonal antibody (D8G3) (6946S, Cell Signaling Technology), mouse anti-EZRIN (1:5000, Sigma-Aldrich), and mouse anti-GAPDH (1:20,000, Santa Cruz Biotechnology).
Plasmids, Cell Culture, and Transfection-Gateway recombination technology (Invitrogen) was used to generate constructs. PINK1 was cloned into CSII-EF-DEST-IRES-Hygro-mycin lentiviral vectors (gift from Dr. Hiroyuki Miyoshi). Parkin was cloned into pREX-Venus-DEST-IRES-Blasticidin retroviral vector. The mitochondria marker, pMSCV-CMVpuro-IMS-RFP, was a gift from Dr. Sabrina Spencer. The HeLa and HEK293T cell lines were obtained from the American Type Culture Collection. MEF cells that are PINK1 or Parkin null or derivatives that stably express human PINK1 or Parkin were previously described (36) . All cell lines were maintained in DMEM containing 4.5 g/liter glucose, 1 mM L-glutamine, 1 mM sodium pyruvate, 100 units/ml penicillin/streptomycin, and 10% fetal bovine serum at 37°C in 5% CO 2 . All the stable cell lines were generated by lentivirus and retrovirus transduction and selected with 100 g/ml hygromycin (Alexis Biochemicals), 5 g/ml blasticidin (Invitrogen), or 2 g/ml puromycin (Sigma).
Live Cell Image Acquisition and Quantification-Cells were grown on Costar 96-well plates, and ImageXpress XL (Molecular Devices) was used to screen the plates to collect data. Parkin localization in mitochondria was assessed with MetaXpress application module transfluor Cell Scoring Application Module (Molecular Devices) with more than 10,000 cells normalized via Hoechst 33258 stained nucleus. Standard deviations were determined from at least three sets of data. Confocal images were obtained on Nikon A1R Confocal and total internal reflection fluorescence using 100ϫ/1.45 objectives at 37°C in 5% CO 2 . For the photodamage experiments, the region of interest (ROI) encompassing ϳ5-10 mitochondrion on three different cells were bleached using a 488-nm (20-mW) laser line for MEF cells and a 405-nm (20-mW) laser line for HeLa cells at 100% power for 4 s of stimulation each. Subsequent image acquisition followed every 1 min for 2-5 h (125-305 cycles over the length of the experiment).
RNA Extraction and Quantitative PCR Assays-RNA was isolated with TRIzol reagent (Invitrogen) following standard phenol extraction protocol. Quantitative PCR amplification was performed in a final volume of 15 l, containing 1 l of cDNA, 5 M of each respective primer, and 7.5 l of Fast SybrGreen Master Mix (Applied Biosystems). The primers used for RT-PCR are: human PINK1 forward (5Ј-GGACGCT-GTTCCTCGTTA-3Ј), human PINK1 reverse (5Ј-ATCTGC-GATCACCAGCCA-3Ј), human GAPDH forward (5Ј-GAA-GGTGAAGGTCGGAGT-3Ј), and human GAPDH reverse (5Ј-GAAGATGGTGATGGGATTTC-3Ј). The amplifications were performed in optical grade 96-well plates on a StepOne-Plus real time PCR system with an initial step at 95°C for 20 s, followed by 40 cycles of 95°C for 10 s and 60°C for 20 s. All samples were probed in triplicate. The C T was automatically determined by the instrument.
ATP Bioluminescent Assay-Cells were grown on Costar 96-well plates. After treatment and 2 h of incubation, the medium was removed and replaced with boiling 100 mM Tris, 4 mM EDTA, pH 7.75. When the samples reached room temperature, Luciferase reagent from ATP Bioluminescence assay kit CLS II (catalog no. 11699695001; Roche) was added at a 1:1 ratio. Luminescence was read by a microplate reader (Synergy H1).
Statistical Analysis-All Parkin localization in mitochondria are presented as means Ϯ S.D. by visually scoring Ͼ1000 cells per stable cell line from at least three independent experiments in each group at each time point. ATP Bioluminescent Assay is presented as the means Ϯ S.E. from two independent experiments. PINK1 quantification and immunoblots were performed by at least three independent biological replicate experiments. Sigmaplot 11.0 was used to fit the dose-response curve using four-parameter logistic function.
RESULTS

Glucose Is Required for CCCP-induced Mitophagic Response-
To investigate the need for glucose metabolism in mitophagy, human epithelial cancer cells (HeLa) stably expressing fluorescent protein tagged wild type Parkin were treated with 20 M CCCP in FBS-free DMEM containing 4.5 g/liter of glucose or no glucose for 8 h. Under physiological conditions, Parkin is predominantly localized in the cytosol, whereas cells eliciting mitophagic responses display an increased localization of Parkin to the mitochondria. Under our experimental conditions, the response was monitored via fluorescent microscopy. Increased Parkin mitochondrial localization in medium containing 4.5 g/liter glucose was observed within 2 h, whereas no mitochondrial localization was observed in medium containing no glucose and ultimately led to a significant loss in structural integrity within 4 h ( Fig.  1A) . These results indicate that, in conjunction with mitochondrial damage, glucose is a necessary variable for the PINK1/Parkin-dependent mitophagy pathway.
To further characterize the response to glucose in the PINK1/Parkin mitophagy pathway, HeLa cells stably expressing Venus-Parkin and MEF cells stably expressing Venus-Parkin and overexpressing human PINK1 and were incubated in different concentrations of glucose, ranging from 0 mg/ml to 1.0 mg/ml, while being treated with 20 M CCCP and incubated for 2 h. Full Parkin mitochondrial localization was observed in both HeLa ( Fig. 1B ) and MEF cells (data not shown) above a comparable threshold glucose concentration range of 0.05 to 0.2 mg/ml, where EC 50 ϭ 0.098 mg/ml for HeLa cells (Fig. 1C ) and EC 50 ϭ 0.111 mg/ml for MEF cells (Fig. 1D ). However, the kinetics between the two cell lines was different, exhibiting full Parkin mitochondrial localization after ϳ1.5 h in HeLa cells and ϳ20 min in MEF cells. The differing kinetics can likely be attributed to the differing expression levels of PINK1 between the cell lines, where the ectopically expressing PINK1 levels of MEF cells are higher than the endogenous PINK1 levels of HeLa cells, leading to a kinetically favorable triggering of Parkin mitochondrial localization. Furthermore, our data showed no correlation in Parkin mitochondrial localization between cell density and glucose concentration (data not shown), indicating that the uptake of glucose is dependent on concentration and not on the availability of glucose molecules per cell. These results indicate that exceeding a conserved glucose concentration threshold elicits the mitophagic response between different cell lines upon mitochondrial damage, and the sensitivity of the PINK1/ Parkin mitophagy pathway to glucose is characteristic of the pathway itself and not a phenomenon exclusive to a particular cell line.
Elevated PINK1 Levels upon CCCP Treatment Are Glucosedependent-Upon mitochondrial depolarization, the inner mitochondrial membrane transport of PINK1 is restricted, and thus the ensuing PARL cleavage and proteasomal degradation is also restricted and leads to stabilization of the 63-kDa PINK1 at mitochondrial outer membrane (2, 4, 5, 15) . To identify the glucose-sensitive response mechanism in the PINK1/Parkin mitophagy pathway, we assessed the protein levels and/or response of ectopically expressing PINK1 and Venus-Parkin in MEF cells by immunoblotting upon 2 h of incubation in 20 M CCCP in a glucose gradient ranging from 0 to 1.5 mg/ml. Our results indicate an increase in PINK1 expression levels between glucose concentrations of 0.1 and 1.0 mg/ml with EC 50 ϭ 0.211 mg/ml ( Fig. 2A ). Parkin expression levels remained constant, whereas mobility shifts were observed (red arrowhead), which is likely due to elevated PINK1 activity. To further determine the specificity of glucose starvation on protein levels, we also measured the expression levels of GRP75/Mortalin, a member of the heat shock protein 70 (HSP70) class of proteins predominantly localized to mitochondria that is involved in cellular stress responses (37) . Like Parkin and GAPDH, GRP75 expression levels are independent of glucose amount in the medium, suggesting that the decline in PINK1 levels is relatively specific. To verify the sensitivity toward glucose concentration for endogenous PINK1, HeLa cells were incubated in the same conditions and immunoblotted. The results were concurrent with MEF cells where an increase in PINK1 expression levels was observed within a similar range of glucose concentrations of 0.1 and 1.0 mg/ml with EC 50 ϭ 0.351 mg/ml (Fig. 2B ). These results indicate that stabilization of PINK1 in response to CCCP treatment requires glucose. Persistent low levels of PINK1 in the absence of glucose may be responsible for the defects seen in Parkin recruitment and activation of mitophagy pathway.
We have recently shown that the Met-318 residue of hPINK1 is the ATP gatekeeper residue, and mutation to Ala renders the kinase activity susceptible to ATP analogs (38) . Specifically, in the presence of an ATP analog such as 1-NA-PP1, the kinase activity of hPINK1-M318A is effectively shut down, restricting Parkin mitochondrial translocation, whereas wild type PINK1 is insensitive ( Fig. 2C ). To test whether or not the kinase activity is important in maintaining PINK1 levels in response to glucose, MEF cells stably expressing hPINK1-M318A and Venus-Parkin were incubated in 20 M CCCP for 2 h in the presence of 2 M 1-NA-PP1 and collected for immunoblotting. Although PINK1 kinase activity was inhibited, which is confirmed by the lack of mobility shift in Parkin, PINK1 exhibited a change in up-regulation in response to differing glucose concentrations ( Fig. 2D ), which appears to be analogous to the response of PINK1-WT when kinase activity was intact ( Fig. 2A ). Therefore, our results demonstrate that the ability of PINK1 to sense glucose concentration and alter expression levels is independent of its kinase activity.
To assess whether PINK1 expression regulation occurred at the level of transcription or protein synthesis, quantitative PCR was conducted for endogenous PINK1 in HeLa cells left untreated or treated with 20 M CCCP in different glucose concentrations for 2 h using GAPDH as controls. Our results indicate that mRNA expression levels for PINK1 remain largely unchanged in the differing glucose concentrations whether or not CCCP was present ( Fig. 2E ). Therefore, lower PINK1 levels in the absence of glucose is unlikely due to suppression of its mRNA expression at the transcriptional level.
Low levels of PINK1 in the absence of glucose could be a result of excessive degradation of the 63-kDa PINK1. To test this hypothesis, we measured stability of PINK1 with or without glucose in the presence of 5 M cycloheximide (CHX) upon CCCP treatment. As shown in Fig. 2F , the half-life of PINK1 is ϳ30 min in the glucose medium. Remarkably in glucose-free medium, the full-length (63-kDa) PINK1 is very stable. This result suggests that the full-length PINK1, upon OMM accumulation, is not targeted for excessive degradation when glucose is depleted, and to the contrary, the levels are sustained. As a control, we also measured the stability of PINK1 in glucose and glucose-free medium without CCCP treatment. The result shown in Fig. 2G suggests that there is no significant difference in PINK1 stability in the presence or absence of glucose. These results demonstrate that the decrease in full-length PINK1 levels is not due to decreased stability as a function of glucose concentration. Taken together, our data suggest that the decrease in PINK1 levels seen in glucose withdrawal is most likely due to translational suppression.
Mitochondrial Depolarization-induced Parkin Mitochondrial Recruitment and Elevated PINK1 Levels Correlate with Intracellular ATP Levels-Previous studies have shown that the rapid loss of ATP after mitochondrial depolarization could be one of the reasons behind poor Parkin-mitochondrial translocation in neurons or HeLa cells forced into dependence on mitochondrial respiration (24) . Because HeLa cells and immortalized cell lines generally utilize glycolytic metabolism for energy production, it is our expectation that glucose withdrawal coupled with mitochondrial depolarization would severely suppress intracellular ATP levels. To test this hypothesis, HeLa and MEF cells expressing PINK1 and Parkin were incubated in a glucose gradient ranging from 0 to 4.5 mg/ml in the presence or absence of 20 M CCCP for 2 h. The ATP levels were assayed via luciferase luminescence. Our data indicate that ATP levels in HeLa and MEF cells are not significantly altered within the glucose gradient in the 2 h time frame when no CCCP is present. However, when CCCP was present, a drop in ATP levels in HeLa and MEF cells was observed at low glucose concentrations, whereas ATP levels appear to dramatically increase and remain at CCCP-untreated levels under high glucose concentrations (39) . The glucose concentration range where the ATP level shift occurs is consistent in both HeLa and MEFs at 0.1 and 1.0 mg/ml, where EC 50 ϭ 0.543 mg/ml for HeLa ( Fig. 3A) and EC 50 ϭ 0.233 mg/ml for MEFs ( Fig. 3B) . Interestingly, the glucose concentration range where ATP levels shift occurs is highly comparable with where the PINK1 expression levels shift, suggesting a positive quantitative correlation.
Glucose Metabolism, Not Glucose per se, Is Required for Elevated PINK1 Levels-Mechanistically, the requirement of glucose for PINK1 induction by CCCP could be attribute to glucose per se as a signaling molecule or breakdown of glucose for energy production. To differentiate these possibilities, we HeLa cells stably expressing Venus-Parkin-WT (B) were treated with 20 M CCCP, incubated in a glucose concentration gradient between 0 and 1.5 mg/ml, and collected after 2 h. PINK1, Parkin, Grp75, Ezrin, and GAPDH were monitored by immunoblotting with their respective antibodies. PINK1 quantitation was based on relative chemiluminescence intensity. C, mutation of native gatekeeper residue Met-318 to Ala in hPINK1 renders kinase activity susceptible to inhibition via ATP analog 1-NA-PP1. PINK1 Ϫ/Ϫ Parkin Ϫ/Ϫ MEF cells stably expressing Venus-Parkin-WT and either hPINK1-WT or hPINK1-M318A were treated with 20 M CCCP in the presence or absence of 2 M 1-NA-PP1. D, the expression level of PINK1 in response to glucose is independent of its kinase activity. MEF cells stably expressing Venus-Parkin-WT and hPINK1-M318A were treated with 20 M CCCP and 2 M 1-NA-PP1, incubated in a glucose concentration gradient between 0 and 1.5 mg/ml, and collected after 2 h. PINK1, Parkin, and Ezrin were monitored by immunoblotting with their respective antibodies. E, hPINK1 mRNA are unaffected by glucose concentration. HeLa cells were left untreated or were treated with 20 M CCCP, incubated in a glucose concentration gradient between 0 and 1.0 mg/ml for 2 h, and collected for RNA extraction and subsequent quantitative PCR for hPINK1 and GAPDH. C T and primer efficiency were measured and quantified via the Pfaffl method. F, the stability of full-length PINK1 is not compromised upon glucose depletion in the presence of CCCP. MEF cells were treated with 20 M CCCP and incubated for 1 h in full medium, followed by treatment with 5 M CHX in full medium or glucose-free medium. The cells were collected at 30-min intervals for 1.5 h, and PINK1, Grp75, and Ezrin degradation levels were monitored via immunoblot. PINK1 was monitored by using rabbit anti-PINK1 antibody (Novus). G, full-length PINK1 degradation is independent of glucose in the absence of CCCP. MEF cells were treated with 5 M CHX in full medium or glucose-free medium. The cells were collected at 30-min intervals for 1.5 h, and PINK1 and Ezrin levels were monitored via immunoblot. PINK1 was monitored by using anti-PINK1 mAb D8G3 antibody, which is more sensitive in detecting the native PINK1 levels without CCCP treatment. treated HeLa cells with 2-deoxy-D-glucose (2-DG), an inhibitor that is known to block glucose metabolism. HeLa cells stably expressing Venus-Parkin-WT were treated with different concentrations of 2-DG ranging from 0 to 50 mM in DMEM containing 4.5 g/liter of glucose. After the 2 h of incubation, the cells were treated with 20 M CCCP and incubated for another 2 h, followed by observation via fluorescent microscopy. Full Parkin mitochondrial localization was observed in low 2-DG concentrations, whereas higher 2-DG concentrations fully inhibited Parkin mitochondrial localization (Fig. 4A ) between the range of 3 to 10 mM with IC 50 ϭ 6.56 mM (Fig. 4B) . These results not only validate that an active glycolytic pathway is necessary to trigger Parkin mitochondrial localization but also rules out the possibility that extracellular sensing of glucose levels is a key component in PINK1/Parkin mitophagy pathway. Therefore, glucose alone is not a necessary variable, but an active glycolytic pathway is necessary for activation of the PINK1/Parkin mitophagy pathway.
To confirm that the level of intracellular ATP is altered by 2-DG and mitochondria damagers, HeLa cells expressing PINK1 and Parkin were incubated in a 2-DG concentration gradient ranging from 0 to 40 mM for 2 h, followed by treatment or nontreatment with 20 M CCCP or 10 M oligomycin to be incubated for another 2 h. The ATP levels were assayed via luciferase luminescence. Our data indicate that ATP levels in HeLa cells drop significantly upon CCCP and oligomycin treatment within a 2-DG concentration range between 1 to 5 mM. Our data demonstrate that IC 50 ϭ 3.09 mM for cells treated with CCCP and IC 50 ϭ 1.81 mM for cells treated with oligomycin. Cells untreated with CCCP or oligomycin also exhibited a drop in ATP levels within a 2-DG concentration range between 0 and 20 mM with IC 50 ϭ 7.75 mM but remained higher than cells treated with CCCP while maintaining a steady level of ATP at ϳ40% in comparison with ATP levels with low/no 2-DG treatment ( Fig. 4C) .
To further validate the mechanistic response of 2-DG in the PINK1/Parkin mitophagy pathway, we assessed the protein levels and/or response of endogenous PINK1 and ectopic Venus-Parkin of HeLa cells by immunoblotting the cells incubated with 2-DG concentration gradient ranging from 0 to 20 mM for 2 h, followed by 20 M CCCP treatment and incubation for another 2 h. Concurrent with our previous glucose gradient immunoblot data, our results substantiate that the mechanistic perpetrator is PINK1, indicated by a decrease in expression levels between 2-DG concentrations of 1 to 5 mM with IC 50 ϭ 1.72 mM (Fig. 4D ). Parkin expression levels remained unchanged, whereas mobility shifts were observed (red arrowhead) wherever PINK1 levels were high. When comparing the dose response that PINK1 and ATP exhibit in the 2-DG concentration range with CCCP treatment, the conserved range of 1 to 5 mM where PINK1 expression levels and ATP levels drop, as well as the highly comparable IC 50 values, further confirm a positive correlation between PINK1 and ATP. These results validate PINK1 to be responsible for sensing glycolytic activity to alter its expression level to influence its kinase activity, ultimately leading to the activation or inactivation of the mitophagy pathway.
Parkin Recruitment to Individually Damaged Mitochondrion
Can Occur Independent of Glucose-We show that despite incubation in a glucose-free medium, as long as functional mitochondria within a cell are present, oxidative ATP production is active (Fig. 3, A and B) . If the levels of ATP are critical, we would expect that mitophagy and Parkin recruitment could still occur if there is sufficient healthy mitochondria that undergo oxidative phosphorylation. Although CCCP is known to induce large scale mitochondrial depolarization, photoirradiation of individual mitochondria with 400-to 500-nm lights causes oxygen-dependent inactivation of flavoproteins and succinate dehydrogenase that is mediated by production of reactive oxygen species (40, 41) . Photoirradiation with high doses of 488-nm light induces irreversible mitochondrial depolarization and mitophagy. Consistent with reactive oxygen species-mediated mitophagy, cells stably expressing mitochondrial targeted photosensitizer KillerRed, which effectively produces reactive oxygen species in response to low levels of 559-nm light, undergo Parkin-mediated mitophagy with appearance of Parkin aggregation near the site of photoirradiation (40, 42) . We verified the photoirradiation technique in HeLa (supplemental Movie S1) and MEF cells (supplemental Movie S3) expressing Venus-Parkin in medium containing 4.5 mg/ml of glucose to observe robust Parkin localization and aggregate formation on, or within a close proximity to, the photoirradiated mitochondria via confocal microscopy ( Figs. 5A and 6A) . Whereas both 488-nm light and 405-nm light are equally effective in triggering Parkin aggregation in MEF cells, 405-nm light appears to be more effective in HeLa cells. Next, we photoirradiated individual mitochondria in HeLa and MEF cell lines in medium containing no glucose. Consistent with our hypothesis, MEF cells (supplemental Movie S4) exhibited Parkin localization toward the photoirradiated mitochondria (Fig. 6B ). However, HeLa cells did not exhibit mitochondrial localization of Parkin and underwent apoptosis after ϳ3 h, seen by RFP-smac release (data not shown). To constrain apoptotic responses, HeLa cells were supplemented with 10 M caspase inhibitor Ac-DEVD-CHO in a glucose-free medium, which we then proceeded to photoirradiate individual mitochondria. Under these conditions, HeLa cells (supplemental Movie S2) displayed Parkin localization on the photoirradiated mitochondria (Fig. 5B) . Taken together, our results demonstrate that mitochondrial localization of Parkin is not specific to glucose when ATP production remains active.
Suppression of ATP Production Is Sufficient to Abrogate Parkin Recruitment to Individually Damaged Mitochondrion-To further corroborate our hypothesis that glucose is dispensable for Parkin recruitment to individually damaged mitochondrion, HeLa cells expressing Venus-Parkin was incubated with 30 mM 2-DG for 2 h in medium containing 4.5 mg/ml of glucose (supplemental Movie S5). In this scenario, 2-DG shuts down the glycolytic pathway without disturbing mitochondrial integrity, which maintains a constant, albeit lower, production of ATP via oxidative phosphorylation (Fig. 4C) (39, 43, 44) . Although 30 mM 2-DG was more than sufficient in restricting Parkin mitochondrial localization by large scale mitochondrial damage through CCCP treatment, selective mitochondrial damage via photoirradiation resulted in robust Parkin localiza-tion and aggregate formation on, or within a close proximity to, the photoirradiated mitochondria after ϳ90 min (Fig. 7A ). This result is in excellent agreement with our hypothesis that glucose or glycolytic pathway is dispensable for locally damaged mitochondrial mitophagy responses and suggests that Parkin mitochondrial localization is possible if an active pool of mitochondria in the cell can generate ATP.
To determine whether shutdown of oxidative phosphorylation-dependent ATP production can abrogate Parkin recruitment to individually damaged mitochondrion, we subjected cells to oligomycin, which is known to inhibit ATP synthase. HeLa cells expressing Venus-Parkin was incubated with 10 M oligomycin for 2 h in medium containing 4.5 mg/ml of glucose (supplemental Movie S6). At this concentration, oligomycin is known to shut down mitochondrial ATP productions without impacting the glycolytic pathway, allowing the cells to rely on anaerobic glycolysis to produce ATP (Fig. 4C) (39) . Under the same photoirradiation conditions (in terms of ROI area and laser strength) as seen with 2-DG, robust Parkin localization and aggregate formation was observed on, or within a close proximity to, the photoirradiated mitochondria after ϳ90 min (Fig. 7B ). This result is consistent with the notion that when ATP levels are maintained in the cells, Parkin mitochondrial localization appears to be functional. HeLa cells expressing Venus-Parkin-WT and RFP-smac-mts were incubated in a 2-DG dose response between 0 and 50 mM for 2 h, followed by treatment with 20 M CCCP and incubated for another 2 h. Parkin mitochondrial translocation was visualized by fluorescent microscopy. B, quantitation of Venus-Parkin accumulation on mitochondria reveals a 2-DG inhibitory response range between 3 and 10 mM. C, ATP levels in response to inhibition of glycolysis and oxidative phosphorylation decline within a range between 1 and 5 mM. HeLa cells were incubated in a 2-DG dose response ranging between 0 and 40 mM for 2 h, followed by the presence or absence of 20 M CCCP or 10 M oligomycin (Oligo) for another 2 h. ATP levels were quantified via luciferase assay and normalized to absolute cell count. D, PINK1 expression levels under 2-DG and CCCP treatment display parallel inhibitory response to ATP in 2-DG dose range between 1 and 5 mM. HeLa cells were incubated in a 2-DG dose response between 0 and 20 mM for 2 h, followed by 20 M CCCP treatment and were incubated for another 2 h and collected. PINK1, Parkin, Grp75, and GAPDH were monitored by immunoblotting with their respective antibodies. PINK1 quantitation was based on relative chemiluminescence intensity. Although 2-DG and oligomycin individually did not lead to significant perturbation of Parkin mitochondrial recruitment by photoirradiation, we further tested the effects of combination of both treatments, which is expected to shut down ATP production in cells (Fig. 4C) , on photoirradiation-induced Parkin recruitment (supplemental Movie S7). HeLa cells expressing Venus-Parkin were incubated with both 30 mM 2-DG and 10 M oligomycin for 2 h in medium containing 4.5 mg/ml of glucose prior to photoirradiation. Neither Parkin localization nor aggregation was detected after observation up to 6 h (Fig.  7C ). Taken together, our data demonstrate and validate that Parkin mitochondrial localization is dependent on the presence of anaerobic and/or aerobic ATP production, and this is linked to diminished PINK1 levels.
DISCUSSION
Here we show that induction of Parkin translocation to mitochondria and subsequent Parkin-dependent mitophagy upon mitochondrial depolarization require glucose metabolism in HeLa and MEF cells. The defects of Parkin recruitment corre-lates with declining ATP levels by combined glucose withdrawal and CCCP treatment, suggesting that CCCP-induced Parkin mitochondrial translocation is ATP-sensitive. Furthermore, we demonstrate that defects in Parkin recruitment is linked to PINK1 induction because low levels of ATP suppress elevation of PINK1 in response to global depolarization of mitochondria by CCCP treatment. Suppression of PINK1 induction is most likely due to translation inhibition by low levels of ATP because neither mRNA levels or stability of PINK1 can account for decreased PINK1 levels. Consistent with the requirement of ATP for PINK1 induction and Parkin recruitment, Parkin mitochondrial translocation and mitophagy induced by local damage of individual mitochondrion via photoirradiation is insensitive to glucose withdrawal or inhibition of glycolytic metabolism as long as a pool of healthy mitochondria in the same cells can supply adequate ATP. Perturbation of oxidative phosphorylation alone has little effect on these processes. However, when both oxidative phosphorylation and glycolytic metabolism are perturbed, Parkin translocation and mitophagy are effectively abrogated. Our results suggest that stress-induced PINK1 elevation requires ATP. PINK1 functions as an AND gate by integrating bioenergetics of cells and stress signals to specify mitochondrial damage response decisions.
The importance of bioenergetics for depolarization-induced Parkin mitochondrial recruitment has been observed in previous studies (24, 45) . HeLa cells that normally prefer glycolytic metabolism exhibit robust Parkin translocation upon CCCP treatment. However, when they are forced into dependence on mitochondrial respiration, minimal or no Parkin recruitment can be observed upon mitochondrial depolarization. It was suggested that the reason little to no Parkin translocation and mitophagy is seen in primary neurons upon CCCP treatment is associated with their reliance on oxidative phosphorylation for energy production (24) . Cookson and co-workers (45) recently identified hexokinase (HK) as a novel modifier of depolarization-induced Parkin recruitment because knockdown of both HK1 and HK2 led to a stronger block in Parkin relocalization and conversely expression of HK2 in primary neurons promoted YFP-Parkin recruitment to depolarized mitochondria. It appears that Parkin translocation in response to mitochondrial depolarization occurs most robustly in cells that can operate both glycolytic and oxidative phosphorylation. Our studies are in agreement with this notion. Furthermore, we show that the restraint in Parkin recruitment is linked to ATP levels rather than glycolytic pathway per se. Robust glycolytic pathway can compensate inhibition of oxidative phosphorylation to maintain cellular ATP levels that are permissive for Parkin recruitment. Without sufficient intracellular ATP, stress-induced PINK1 elevation is abrogated, which may be a key reason why Parkin accumulation on mitochondria is restricted. Our results provide at least one explanation for variable Parkin recruitment as a function of bioenergetics.
Minimal PINK1 induction by CCCP in the absence of glucose showed strong correlation with cellular ATP levels. Our data suggest that the decrease in PINK1 levels at different glucose concentrations under large scale mitochondrial damage is likely due to translational inhibition. We show that PINK1 mRNA levels exhibit little change as a function of glucose concentration whether or not CCCP is present. The short half-life of PINK1 makes the PINK1-Parkin pathway particularly susceptible to changes in translation rate. A corollary to this observation is that translational or transcriptional inhibitors can effectively shut down PINK1-dependent mitochondrial damage repair pathway. We directly tested this prediction by investigating the effect of translation inhibitor CHX on PINK1-dependent Parkin translocation. As expected, CHX incubation prior to CCCP treatment suppresses Parkin recruitment to mitochondria (Fig. 8, A and B) . In combination with our collective data suggesting translational repression of PINK1, this direct approach using CHX further supports a mechanism that suggests low ATP results in translational repression of PINK1, thereby abrogating Parkin translocation (Fig. 8, A-C) . Our studies uncovered the intracellular ATP levels as a key regulator for maintaining elevated PINK1 in the mitochondrial outer membrane. However, we cannot exclude the possibility that the rates of PINK1 transport, import, or degradation are also affected by a decline in intracellular ATP levels. Although these molecular events may contribute to the defects in activation of Parkin-dependent mitophagy, regulation of PINK1 levels appears to be the rate-limiting step in ATP sensitivity (Fig. 8C) .
Whether or not ATP has an immediate input in PINK1 expression levels remains unclear. The possibility remains that a protein(s) upstream of PINK1 is responsible for the direct sensing of ATP levels to regulate PINK1 expression levels. The PI3K/Akt/mTOR pathway has been implicated in sensing the cellular AMP/ATP ratio to regulate protein synthesis (46 -48) . Specifically, under low cellular ATP conditions, mTOR is known to unfetter its inhibition of 4EBP1, thereby allowing 4EBP1 to inhibit eIF4E and restrict cap-dependent mRNA translation (49, 50) . This occurrence may particularly impact any protein with a high turnover rate, such as PINK1, that undergoes constant degradation and maintain low steady-state levels in physiological conditions (4, 5) . Inhibition of Akt by LY294002 and FPA-124 has been shown to decrease Parkin recruitment after CCCP treatment (45) . It would be interesting to test whether Akt targets PINK1 translation to regulate Parkin recruitment.
The PINK1-Parkin pathway can mediate repair, mitophagy, and apoptotic responses depending on the nature of the stimuli (36) . The results from this study also suggest that the cell fate decision in response to mitochondrial damaging agent such as CCCP also depends on cellular ATP levels, which are controlled by the configuration of glycolytic and oxidative phosphorylation pathways. In the absence of glucose, HeLa and MEF cells cannot undergo Parkin-dependent mitophagy in response to CCCP treatment. Our findings demonstrate a characteristic of PINK1 that simultaneously senses two separate stimuli: mitochondria depolarization and ATP levels, to regulate the PINK1/ Parkin-dependent mitophagy pathway. The absence of either stimuli results in the deactivation of the pathway and ultimately results in different mitochondrial damage response outcomes. Such a characteristic of PINK1 is representative of an AND gate and provides a novel insight into the poorly understood control mechanism upstream of the PINK1/Parkin pathway.
